The development of a protective vaccine against human immunodeficiency virus (HIV) will likely require the induction of cross-reactive broadly neutralizing antibodies (bNAbs). Over the past decade, there has been a rapid increase in the discovery of a large number of novel bNAbs [1] [2] [3] that have highlighted that a limited number of sites of neutralizing vulnerability exist on the surface of the HIV viral envelope. However, despite the identification of these key immunological targets on the virus, the mechanism(s) by which bNAbs naturally emerge is still unclear.
Roughly 10-30% of chronically infected individuals develop neutralizing antibody breadth but only years after infection [4] [5] [6] [7] [8] [9] . Key to the evolution of bNAbs is the selection of highly mutated and unusual B cell receptors (BCR) [10, 11] . Recent studies point to a critical role for rapid viral diversification in driving the evolution of these unusual BCR clonal repertoires [12] [13] [14] . By contrast, population-based studies, using cross-sectional cohorts, point to an association between high viremia [4] , low CD4+ T cell counts [15] , and infection-associated immune activation [5] , including high levels of the germinal center (GC)-recruiting chemokine CXCL13 [16, 17] as drivers of the development of cross-neutralizing activity. Thus, although it is possible that a rapidly evolving antigen is critical for B-cell diversification, it is also plausible that changes in CD4 T-cell help, B-cell retention within the GC, and/or the adjuvanting activity of specific inflammatory cytokine profiles may be equally critical for the selection of the most effective B-cell responses. However, although viral load, CD4 count, and inflammation have all been linked to the development of bNAbs, the contribution of these parameters individually to the evolution of bNAbs is incompletely understood.
Although the majority of natural history studies on bNAb evolution have focused on cohorts of untreated individuals with persistent viremia, more recent studies have shown that even subjects who spontaneously control viremia to low levels, otherwise known as HIV controllers [18] [19] [20] , also develop broad neutralizing activity. Moreover, a number of recent potent bNAbs have been isolated from these HIV controllers [2, 7, 21] , suggesting a role for additional factors, beyond high viremia, such as partial B-cell restoration [22] , that may be crucial for the development of neutralizing antibody breadth.
Thus, here we speculated that immunological signatures associated with the development of bNAbs, beyond high viremia, could be defined in HIV controllers and may provide critical insights for the specific immunological signals that may be required for the evolution of these potent humoral immune responses. This study highlights the existence of a unique inflammatory signature in HIV controllers, in the setting of persisting, rather than highly diverse, HIV viral antigenemia, enriched among individuals that evolve neutralizing antibody breadth.
MATERIAL AND METHODS

Study Subjects
A total of 163 controllers were recruited for this study including both elite controllers (ECs), who spontaneously control viral replication to undetectable levels (<75 copies/mL with CD4 = 353-1813 cells/mm 3 ) and viremic controllers (VCs) with detectable but low viral loads (20-1658 copies of RNA/mL and CD4 = 172-1794 cells/mm 3 ). All subjects were infected with HIV-1 for over 10 years. All subjects signed informed consent, and the study was approved by the MGH Institutional Review Board.
Neutralization Assay
HIV-1 neutralization breadth was assessed using the Tzm-bl cell-based pseudovirus neutralization assay, as described [34] , against a panel of Env-pseudoviruses derived from 9 Clade B Tier 2 viruses: AC10.0.29*, RHPA4259.7*, THRO4156.18*, REJO4541.67*, WITO4160.33*, TRO.11*, SC422661.8*, QH0692.42*, CAAN5342.A2 # , and 2 Tier 3 viruses: PVO.4* and TRJO4551.58*. Neutralization was defined as at least 50% inhibition of infection at a 1:20 dilution. Relative neutralization breadth was defined by the percentage of the 11 isolates neutralized by each plasma sample. All samples that showed reactivity to the murine leukemia virus-pseudotyped virion controls were excluded, and only samples showing activity 3 times over the murine leukemia virus-pseudotyped virion controls were deemed positive and included in the analyses.
Cytokine Levels
Plasma levels of 17 cytokines including IP10, sCD40L, tumor necrosis factor α (TNFα), MIP1α, MIP1β, regulated on activation, normal T cell expressed and secreted (RANTES), interleukin 4 (IL4), IL5, IL6, IL8, IL10, IL13, IL12p70, IL17, interferon γ (IFNγ), granulocyte-macrophage colony-stimulating factor (GMCSF), and IL1β were measured by luminex (Millipore) and analyzed on a Bio-plex 200 (BioRad Laboratories). CXCL13 plasma levels were determined by enzyme-linked immunosorbent assay (ELISA) (R and D systems).
Detecting and Quantifying HIV Viral Load by qRT-PCR
Pinch biopsies of intestinal tissue were mechanically homogenized. RNA was extracted (Qiagen) and quantitative reverse transcription polymerase chain reaction(qRT-PCR) was performed (Agilent Technologies) using the HIV-1 gag SK462 (AGTTGGAGGACATCAAGCAGCCATGCAAAT) and SK431 (TGCTATGTCACTTCCCCTTGGTTCTCT) primers. Relative HIV RNA copy numbers (viral load [VL]) were normalized to levels of ribosomal S9 (ribs9) protein by qRT-PCR (forward: AAGGCCGCCCGGGAACTGCTGAC, reverse: ACCACCTGCTTGCGGACCCTGATA). Average relative gut viral load was calculated as the mean viral load across each measured gut compartment (transverse colon, terminal ileum, and duodenum). The limit of detection (10 -7 relative copies) was used for compartments in which no HIV RNA was detected.
Viral Diversity Analysis
The entire envelope gene from 18 representative patients was amplified using single genome amplification (SGA) as described previously [35] . Briefly, viral RNA was isolated from blood plasma and subjected to cDNA synthesis with gene specific priming. Newly synthesized cDNA was diluted to single copy and then amplified by nested PCR. Entire amplicons were sequenced using Sanger-based sequencing. In total, 365 sequences were obtained from 18 patients (range 5-30). The mean pairwise diversity measurements were obtained from DIVEIN [36] . Phylogenetic trees were generated with the neighbor joining method. All sequences were deposited in GenBank.
Statistical Analysis and Partial Least Squares Discriminant Analysis
An ANOVA with a post hoc Tukey's test was used to analyze cytokines/chemokines differences between groups. Spearman's correlations were used to examine the inter-relatedness of different parameters. P values less than .05 were considered significant. Partial least squares discriminant analysis (PLSDA) [37, 38] was used to determine multivariate cytokine/chemokine profiles that best distinguished between HIV controllers who developed bNAbs versus those who did not, as previously described [38] . Cross-validation was performed by iteratively excluding subsets of data (in groups of 10%) before model generation, then testing model performance using excluded data. After initial generation of a model with all measured cytokines, the variable importance in the projection (VIP) score of each cytokine was used to select cytokines that contributed most to cohort classification.
RESULTS
HIV Controllers Evolve Neutralizing Antibody Breadth
Previous studies have linked high viremia, low CD4 counts, immune activation, and high plasma levels of CXCL13 to the evolution of neutralizing antibody breadth [4, 5, 15, 16] . However, given that these features are all highly inter-related, it has been difficult to differentiate the effects of the virus from unique inflammatory signatures that may be key to B-cell activation. Yet many of the most potent bNAbs have been cloned from individuals with low viremia [2, 7, 20] , arguing that neutralizing antibody activity can evolve in the setting of low viral replication. Thus, here we aimed to determine whether unique inflammatory signatures were enriched among spontaneous controllers of HIV [23] . The breadth of neutralization was screened in 163 clade B-infected controllers, infected for over 10 years, using a panel of 11 clade B tier 2 and 3 viruses. Approximately 25% of HIV controllers neutralized at least 5 tier 2 viruses ( Figure 1A ), with 8% of the controllers able to neutralize 80% of viruses. Conversely, 37% of this controller cohort did not elicit any tier 2 neutralizing antibodies and were therefore classified as "non-neutralizers" ( Figure 1A ). These data illustrate that despite low-to-undetectable plasma viremia, a significant proportion of controllers generate neutralizing antibody breadth, with similar frequencies of neutralizers among controllers as has been observed in cohorts of viremic patient populations [4] .
A Unique Inflammatory Signature Associates with the Development of Neutralizing Breadth in Controllers
Beyond associations with high viremia, the evolution of neutralizing antibody activity has also been linked to enhanced immune activation [5] . Thus, we next examined whether specific inflammatory profiles existed among controllers who developed bNAbs in the absence of high antigenemia. The levels of 18 serum cytokines involved in T-cell/B-cell communication, including cytokines, chemokines, and secreted ligands, were analyzed among controllers who neutralized more than 45% of viruses and those that did not demonstrate any neutralizing activity. High plasma levels of soluble CD40 ligand (sCD40L), chemokine (C-X-C) ligand 10 (CXCL10 or IP10), CXCL13, The whisker plots represents the "relative risk" or contribution of 18 individual cytokines to separate out subjects that possess neutralizing antibody breadth (relative risk > 1) compared to those that do not exhibit any neutralizing antibody breadth (relative risk < 1). (C) Partial least squares discriminant analysis (PLSDA) illustrates that a multivariate cytokine signature can differentiate controllers who develop neutralizing breadth (blue dots) and controllers who do not (red dots) with 69% classification accuracy and 66% cross-validation accuracy, respectively. Cross-validation was performed via the iterative exclusion of subsets of data (in groups of 10%) before model generation, then testing model performance using excluded data. (D) The box plot represents the top 6 cytokines that separate controllers with neutralizing antibody breadth (left) from those without breadth (right) along latent variable 1 (LV1) in the multivariate profile. Specifically, the direction of the column depicts the subject group in which the cytokine is most elevated, as a mirror of the PLSDA dot plot, where high levels of sCD40L, RANTES, TNFα, IP10, and CXCL13 are enriched in subjects with neutralizing antibody breadth, and IL-17 is enriched in subjects that do not generate neutralizing antibody breadth. Abbreviations: IL, interleukin; RANTES, regulated on activation, normal T cell expressed and secreted; TNFα, tumor necrosis factor α.
chemokine (C-C motif) ligand 5 (also CCL5 or RANTES), and TNFα were each individually associated with the emergence of neutralizing antibody breadth in controllers in univariate analyses ( Figure 1B) . Conversely, cytokines typically involved in T-or B-cell activation (e.g., IL4, IL6, and IL13) were associated with a lower likelihood of inducing neutralizing breadth ( Figure 1B ). Given that cytokines are frequently induced in a coordinated manner, we next aimed to define the multivariate biomarker profile that best distinguished controllers who develop significant neutralizing breadth versus those who do not. Partial least squares discriminant analysis (PLSDA) revealed that CD40L, RANTES, TNF-α, IP-10, and CXCL13 classified controllers who develop neutralizing breadth with nearly 70% accuracy, and this profile was significantly more powerful as a predictor than viremia and/or CD4 counts ( Figure 1C, 1D) . Moreover, the multivariate analysis also identified the same cytokines as independent predictors of the evolution of neutralization breadth ( Figure 1D ). Although this profile was unable to perfectly classify individuals who developed neutralization breadth, the selected subjects exhibited a range of neutralization breadth profiles, suggesting that even among this highly heterogeneous group of individuals, this combination of cytokines was more likely to be produced in individuals with neutralizing breadth compared to those with limited to no neutralizing breadth.
Viremia in Blood and Tissues Associates with the Development of Neutralization Breadth
Recent studies suggest that HIV viral RNA itself may drive particular cytokine profiles, including CXCL13 and IP-10, via toll like receptor signaling [17] . Thus, we next sought to examine whether low-level viremia may induce differential inflammatory profiles that may be conducive to the development of bNAbs in controllers. In fact, viral loads in controllers who exhibited detectable levels of viremia were significantly correlated with plasma levels of CXCL13, IP10, and sCD40L (r = 0.27 and P = .0094, r = 0.22 and P = .0318, r = 0.27 and P = .0084, respectively; Figure 2A ) suggesting that even low antigenemia may be sufficient to drive persistent levels of cytokines.
Interestingly, among the controllers, a subset of individuals termed "Elite controllers" (ECs) had undetectable viremia. Yet 20% of ECs, with undetectable viremia, still exhibited neutralization breadth ( Figure 3A) . Importantly, CD4 counts, which are typically inversely correlated with viremia in progressive cohorts of subjects with active viral replication [24] , were also inversely correlated with the existence of greater neutralizing antibody breadth in ECs (Figure 3B) , arguing that the virus may still be active outside of the circulation where it may continue to deplete CD4+ T cells and drive continued antigen-exposure and immune activation. Thus, we sought to determine whether ECs that develop neutralizing antibody activity possessed evidence of more active virus in tissues, associated with enhanced inflammation, both via the analysis of transient loss of viral control (blips) as well as gastrointestinal biopsies. Interestingly, although the number of viral blips did not differ between the ECs who developed breadth and those who did not ( Figure 3C ), viral loads were amplified in at least 1 sampled tissue (peripheral blood mononuclear cells [PBMCs] , duodenum, ileum, and colon) in all the ECs with neutralization breadth but was rarely observed in biopsies from ECs who did not evolve breadth ( Figure 3D ). Moreover, neutralization breadth in ECs with neutralizing breadth correlated with RNA copy levels across all tissue biopsies ( Figure 3E ; P = .03) but was also predicted by the level of viral RNA in circulating T cells ( Figure 3F ; P = .0099), suggesting that the circulating cellular reservoir may mark the tissue reservoir, whose persistence may be linked to the evolution of neutralizing antibody breadth. These data highlight the critical nature of viral persistence as a critical driver of these unique cytokine profiles that are enriched even among spontaneous HIV controllers that elicit neutralizing antibody breadth.
Viral Diversity is not Associated with the Evolution of Neutralizing Antibody Breadth
Rapid and/or extensive viral diversification [12, 25] has been linked to the evolution of neutralizing antibody breadth in several case studies. Similarly, high viremia, which is associated with greater viral diversity, has also been linked to the evolution Figure 2 . Cytokines, linked to neutralizing antibody breadth, are associated with plasma viral loads. The correlation plots depict the relationship between the concentration (pg/mL) of CXCL13, IP10, TNFα, RANTES, and sCD40L in controllers with detectable plasma viremia (n = 190). P values less than .05 were considered significant. Abbreviations: RANTES, regulated on activation, normal T cell expressed and secreted; TNFα, tumor necrosis factor α.
of bNAbs in larger cohorts of HIV-infected subjects [13] . Thus, we examined whether viral diversity, in addition to elevated antigen levels, was key to the evolution of neutralization breadth among a group of 18 controllers. Single genome amplification was performed to generate a total of 365 whole viral envelope sequences from the plasma of 9 viremic controllers who developed neutralizing antibody breadth (n = 195 envelope sequences) and 9 viremic controllers who were matched for plasma viral load levels but did not develop neutralization breadth (n = 170 envelope sequences) ( Figure 4A ). Similar The dot plot shows limited differences in plasma viral loads among the 2 groups. (C) The correlation plot illustrates the lack of a relationship between the observed mean viral diversity and the number of sequenced viruses across the neutralizers (blue) or non-neutralizers (red), suggesting that sampling differences did not account for observed relationships. (D) The correlation plot depicts the relationship between the breadth of neutralization and the mean viral diversity among all 18 VCs, half with bNAbs (blue circles) and half without (red circles). (E) The dot plot represents the mean viral diversity among the 9 subjects who possessed bNAbs (N) and the 9 individuals who did not (NN). A nonparametric Mann-Whitney was used to determine whether there were any differences between groups and Spearman's rank correlations were used to examine relationships between features. P values less than .05 were considered significant. Abbreviations: HIV, human immunodeficiency virus; VC, viremic controller.
numbers of envelopes were amplified from each group and individual to minimize sampling bias. Interestingly, only marginal differences (P = .16, Figure 4B ) in mean envelope diversity were observed among subjects who developed bNAbs compared to those who did not ( Figure 4D and 4E) . These data suggest that the presence of persistent antigenemia, rather than extensive plasma viral diversity, in the setting of a unique inflammatory profile, are key features associated with the development of neutralizing antibody breadth among controllers.
DISCUSSION
Understanding the mechanism(s) by which bNAbs arise naturally may provide the key for the rational development of a vaccine able to provide protection from HIV infection. The data presented here demonstrate that a subset of spontaneous controllers of HIV evolve neutralizing antibody breadth [4] [5] [6] [7] [8] [9] despite the presence of low viral set-points. Moreover, neutralizing breadth in HIV controllers appears to evolve in the setting of low but persistent viral replication, in the absence of significant viral diversity, but in the presence of a unique cytokine profile. These data have implications for next generation immunization strategies, suggesting that modulation of cytokine profiles, for example, through the use of specific adjuvants coupled to stabilized trimers or sequential immunization strategies, may support the evolution of neutralization breadth.
Whether the observed cytokine profiles contribute to the evolution of neutralization breadth or are a simple biomarker of persisting viral replication within specific tissues is unclear. However, the cytokine signature observed in HIV controllers who evolve bNAbs represents a unique set of biomarkers that are intimately and centrally linked to B-cell activation and germinal center (GC) formation [26] [27] [28] . Yet, these cytokines may also mark persistent viral replication within GCs, an established viral sanctuary [29] . Thus, given that CXCL13 is readily produced within the GC [30] , has been linked to the evolution of bNAbs [16] , and is induced in a TLR7/8-dependent manner by HIV viral RNA [17] , it is plausible that persisting levels of CXCL13 may act as a biomarker of a sustained antiviral response within the GC as well as drive the continued recruitment or retention of B cells in GCs. Conversely, although previous reports have pointed to CXCL13 as a critical biomarker for B-cell selection and the evolution of neutralizing antibody breadth [16] , CXCL13 alone was insufficient to predict bNAb activity in our cohort of subjects with low viremia (Figure 1) . Instead a cocktail of cytokines, many of which were correlated with viral levels in the blood (Figure 2) , were required to segregate subjects with neutralizing breadth. Because distinct adjuvants have been shown to selectively drive unique cytokine profiles, including TLR7 agonists that mimic viral RNA activation [17] , it is plausible that future custom adjuvanting approaches coupled to novel sustained release vaccine vehicles [31] could be coupled to emerging antigen-design strategies to selectively drive and maintain B-cell activation for continued B-cell selection and affinity maturation.
Despite the fact that emerging data suggest that the HIV viral reservoir selectively persists within GCs in the animal model of controllers [32] , not all human controllers generate bNAbs, suggesting that maintaining a GC reservoir is not sufficient to drive bNAb evolution. Thus, our data suggest that vaccine strategies able to "depot" and retain a small number of viral antigens within GCs, linked to the persistent induction of "effective" cytokine profiles via the use of TLR7/8 adjuvants (that mimic viral RNA) may represent one approach for the elicitation of protective antibodies.
Contrary to previous studies highlighting the critical nature of viral diversity in the evolution of bNAbs, here, we observed only a marginal difference in mean viral diversity across VCs who develop significant neutralizing antibody breadth compared to those who do not. However, whether the controllers who evolve neutralization breadth were infected with unique viral sequences that enabled the recruitment of particular germline BCRs or whether these individuals harbor viruses that diversified rapidly [12, 13] or potentially possess greater viral diversity within their GCs where the virus may replicate predominantly [29] is unclear. Importantly, the envelope sequences sampled among the groups did not exhibit unique features and no peculiar germline selection profile was observed in our patient population (data not shown). Thus, in the context of previous reports suggesting the importance of viral diversity for the evolution of breadth [12, 13] , here, we can postulate that: (1) early diversity, but not persistent diversity, may be critical to initiate the correct linages required for the evolution of breadth; (2) blood diversity may not represent tissue diversity that may be essential for driving the evolution of breadth; or (3) diversity may not be required to induce breadth, but that persisting antigen in the setting of a competent GC may be sufficient to drive effective broadening of the response. Although the first 2 hypotheses are currently being tested in the context of sequential vaccination strategies, aimed at introducing antigenic diversity to focus the immune response on conserved sites that may provide breadth of recognition [33] , slow-release vaccine strategies, coupled to distinct adjuvants, may additionally contribute to improved GC persistence and quality addressed under the final hypothesis. Thus, future efforts aimed at combining both diversity and persistent inflammation strategies may mimic the events associated with bNAb evolution in the setting of low antigenemia, seen in controllers and take advantage of both the emerging viral and host signatures associated with the evolution of neutralizing antibody breadth.
Collectively, our results provide evidence that neutralizing antibody breadth may be achievable in the absence of high levels of viremia and viral diversity. Instead, low concentrations of a limited pool of antigens, linked to persistent GC activation and a unique cytokine profile are predictive of the development of neutralization breadth. Although persistent viremia may be necessary for the production of the cytokines/chemokines associated with B-cell selection and GC formation, specific adjuvants, alone or in combination, that drive similar inflammatory profiles may promote the development of neutralization breadth in the setting of persistent vaccine immunogens, providing a novel means by which next generation vaccines may elicit neutralization breadth. 
